Cross-ply polymer laminates reinforced by ultra-high molecular weight polyethylene (UHWMPE) fibers and tapes have been subjected to quasi-static indentation by a flat-bottomed, circular cross section punch and their penetration resistance and failure mechanisms investigated. Three fiber-and two tapereinforced grades progressively failed during indentation via a series of unstable failure events accompanied by substantial load drops. This resulted in a 'saw-tooth' load versus indentation depth profile as the load increased with indentation depth after each failure event. The penetration behavior scaled with the ratio of the thickness of the remaining laminate to the diameter of the punch, and the indentation pressure scaled with the through thickness compressive strength. Failure occurred by ply rupture. The results are consistent with penetration governed by an indirect tension failure mechanism, and with experimental reports that tape-reinforced materials have a similar ballistic resistance to the higher tensile strength fiber-reinforced grades in rear-supported test conditions.
Introduction
High performance fiber reinforced polymer matrix composites exhibit high impact resistance. The most promising consist of a [0°/90°] lamination of unidirectional plies each comprised of a high specific stiffness and tensile strength reinforcement dispersed within a low volume fraction, compliant polymer matrix [1] . Fibers of interest include those based upon carbon, S2 glass, Kevlar and ultra-high molecular weight (UHMWPE) which have high values of the Cuniff index [2, 3] . Recent studies of the impact of thick, edge clamped UHMWPE laminates revealed the existence of two stages of projectile penetration [4, 5] . Penetration was initially progressive, with the depth of penetration increasing linearly with impact velocity [4, [6] [7] [8] . Little evidence of macroscopic out of plane plate deflection was found during this stage, and the mechanism of penetration was similar to that for a rear supported plate (with suppressed out of plane deflection) [3, 8, 9] . As progressive penetration was eventually arrested, a second mechanism of response became activated. This involved membrane stretching with significant out-of-plane deflection and a binary survival probability. This stage absorbed many times more impact energy per unit penetration distance than the initial, progressive penetration stage [4, 5] .
While progressive penetration of glass-and carbon-fiber reinforced composites, at both quasi-static (Q.S.) and dynamic loading rates, is controlled by shear plug crack propagation ahead of the indenter tip [10] [11] [12] [13] [14] [15] [16] , direct observational evidence of shear plugging in UHWMPE composites at either quasi-static or dynamic rates has not be found in the literature [3, 6, 8, 9, 11] . To provide insight into the progressive penetration mechanism, Atwood et al. [17] have investigated UHWMPE cross-ply laminates placed under transverse (through the thickness) uniform compression, and shown that they fail by tensile rupture of the fibers. The plies respond to compression by plastic Poisson expansion in the direction transverse to their reinforcement direction, while Poisson expansion in the fiber direction is small due to the very high stiffness of the fibers. This highly anisotropic Poisson expansion causes each 90°ply to load the 0°plies above and below in tension in the reinforcement direction, and vice versa, Fig. 1 . The stress is transferred between plies via a shear lag mechanism, and a ply fails when the tensile strength of the ply is reached. This indirect tension model predicts the significant sample size dependence of the laminates (through thickness) compression strength, and the observed increases in uniform compressive strength of UMWPE fiber reinforced laminates with increases in inter-laminar shear strength, increases in fiber strength and decreases in ply thicknesses [17, 18] . The model has also helped rationalize the significant variability in laminate compressive strength arising from variability in ply thickness and missing fibers within the laminates [18] .
Recent experimental studies with UHMWPE laminates reinforced with solid-state tapes rather than fibers have shown that they possess a substantially higher compressive strength than that predicted by the fiber indirect tension model [8] . It has been argued that the out of plane compressive strength of these tapes is governed by elastic inter-laminar shear behavior, rather than the plastic shear behavior observed in the fiber based systems [18] . This progressive mode of penetration is investigated here for a variety of fiber and tape [0°/90°] laminates since its suppression is expected to significantly improve the impact resistance of a plate. A flat bottomed, cylindrical punch is used to quasi-statically penetrate rear supported, [0°/90°] composite laminates. The effects of punch diameter and laminate thickness on the penetration behavior are investigated, and non-dimensional parameters introduced to reduce the number of independent variables. Postmortem characterization of damage zones is used to identify the penetration mechanism in both systems.
Materials and properties

Materials
The study has investigated the Q.S. penetration of four fiberreinforced and two solid state tape-reinforced cross-ply (0°/90°) UHMWPE laminates, 
Properties
Attwood et al. [17] showed that the compressive behavior of a polymer fiber reinforced laminate is controlled by the quasistatic tensile strength of a ply and the inter-laminar shear strength. These two parameters were therefore measured using laminate tension and inter-laminar shear tests using procedures described in [18] . The through-thickness compressive strength of each laminate grade was also measured using the procedure from [18] . Representative loading responses for each material type are shown in Fig. 2 Table 1 indicates that HB26 and HB50 have similar tensile strengths, r f , consistent with utilization of the same fiber, while HB26 had a shear strength, s 0 that was five times that of HB50. The shear strength of HB50 and HB212 were similar but HB212 a tensile strength that was 1.5 times that of HB50. The two tape-reinforced materials had similar tensile strengths of 1.2 GPa (substantially lower than the fiber systems), and shear strengths approximately ten times that of HB50.
The through-thickness, uniform compression strength, r c , varies with in-plane sample length, L, because of the shear lag mechanism at the sample edges [17] . Square 1 mm thick samples used an in-plane length L = 6 to 15 mm, while 240 ply thick samples had L = 20 and 25 mm. The compressive strength (average of five tests) monotonically increased with increasing in-plane sample length, L, as the fraction of the loaded area within the shear lag region decreased, Fig. 3 . At L = 25 mm, the strengths of all the material grades were within 0.4 GPa of each other. HB212 had the highest compressive strength, consistent with the material properties in Table 1 and the indirect tension model [23] . This data suggests that, if penetration resistance is governed by indirect tensioning of the plies, HB212 should have the greatest resistance.
Methodology
The samples prepared for the Q.S. penetration study were 100 mm (long) Â 100 mm (wide) Â H 0 mm (thick), with H 0 values of 3, 6, 12, 18 and 24 mm. Each sample was supported on an 18 mm thick, hardened A2 steel plate, Fig. 4 . A picture frame, containing a 70 mm Â 70 mm cutout was centrally located over the sample, and lightly clamped to prevent movement of the laminate during the test. A hardened A2 steel, flat-bottomed, right-circular cylindrical (RCC) punch then loaded the center of the sample. The loading end of the punch measured either 6.35 mm or 12.7 mm in diameter, d p , with the uniform portion of the crosssection extending 25.4 mm in length. The perimeter of the flat punch bottom had a radius of 1.5 mm to minimize stress concentration. An Instron (Pleasanton, CA, USA) model 4208 mechanical testing machine equipped with a 300 kN load cell pressed the punch into a sample at a constant rate of displacement. No lubrication was applied to the punch. A global coordinate system was chosen with the X-axis aligned with the outermost ply (selected to be the 0°ply), the Z-axis was parallel to the loading direction, and the origin was located where the center-line of the punch intersected the initial punch-sample interface, Fig. 4 . The Q.S. indentation pressure, r = P/A p , where P is the load and A p ¼ pd 2 p =4 is the loading area of the punch. A laser extensometer measured the Z-displacement between two laser tags, one attached to the punch and the other to the platen, Fig. 4 . The measured punch displacement was taken to be the laminate indentation depth, h.
In-situ digital image correlation (DIC) was provided threedimensional displacement measurement, u x , u y and u z , over the surface of H 0 = 6 mm thick samples. Since the DIC system tracks the displacement of a speckle pattern, the X-Y surface (normal to the load direction) was first spray painted white followed by the application of a stochastic pattern of 0.5 mm diameter black dots that covered approximately 50% of the surface area. A pair of 5 MP CCD cameras was positioned in a stereo configuration to capture the speckle pattern coated surface. The images were analyzed using Aramis v.6.3 (GOM mbH; Braunschweig, Germany) 3D image correlation software. The stochastic pattern was also applied to a portion of the punch surface that did not enter the laminate. This aided in alignment of the coordinate system during analysis and independent assessment of extensometer measurements of h. The central cross section plane of tested samples were examined by optical microscopy. X-ray computed tomography (XCT) also provided a non-destructive means for examination of the interior of a sample after testing. An Xradia (Pleasanton, CA, USA) model lXCT-200 instrument probed a spherical volume, 6.8 mm in diameter, with a 6.75 lm voxel size.
Results
Load response
The typical Q.S. indentation pressure verses penetration depth response of an H 0 = 6 mm thick, HB26 laminate loaded by a The effects of laminate thickness, H 0 , and punch diameter, d p , on the initial loading response of HB26 are shown in Fig. 6(a) . Nondimensional parameters are used for the initial sample thickness, H Ã 0 , and indentation depth, h ⁄ , as follows:
The scaling factor d The thickness of the remaining laminate between the punch and the platen was defined by a third non-dimensional parameter:
When (H Fig. 6 (b). The same observations held when testing various H Ã 0 thickness laminates with a punch of d p = 6.35, Fig. 6(c)-(d) . Hence, the parameter H ⁄ provided an appropriate means to scale and align sample responses. This indicates that pressure was not coupled to the initial laminate thickness, i.e. the perforated plies closest to the punch did not provide confinement or add friction. We also note the r p values decreased with H ⁄ once the plate was sufficiently ''thin" (H ⁄ % 0.5)
for the proximity to the stiffer foundation to influence the response. Non-dimensional parameters can be also used to collapse the work verses indentation depth responses of the various materials. We first defined a specific work parameter:
This uses the scaling factor d À1 p to normalize the displacement and the load is divided by the loading area, A p . The remaining work for complete penetration is then given by: , which results from the initial non-linear loading compliance previously seen in Fig. 6(a) . Therefore, the total work to fully penetrate a laminate of an arbitrary thickness can be adequately estimated from the R * versus H * response obtained from a thicker laminate of the same grade. Fig. 7 (b) plots the R ⁄ versus H ⁄ responses for the five laminate materials whose properties are summarized in Table 1 . They had an initial thickness, H Ã 0 % 3 and were quasi-statically penetrated to a depth H ⁄ = 0.18. Four of the materials (HB26, HB50, BT10 m and HSBD30A) required R ⁄ $ 2.5 J m À3 to fully penetrate the laminates. These results are consistent with tape-reinforced materials exhibiting similar ballistic resistance to the higher tensile strength fiber-reinforced grades in rear supported test conditions [8] . However, the HB212 material required $3.7 J m À3 for full penetration (approximately 50% more work than the other four grades). As the energy absorbed in quasi-static and dynamic penetration are similar (when the possibility of deflection is eliminated) [8] , HB212 should provide superior deep penetration resistance compared to the other four laminates.
The mean indentation pressure, r a , of each material (i.e. the R ⁄ -H ⁄ slope) is plotted against its uniform compressive strength, r c (L = 25 mm), in Fig. 7(c) . The mean pressure increased linearly with compressive strength, with a r a : r c ratio of 2. A higher ratio of 3-5 is commonly observed in ductile metals, where the pressure enhancement over the uniaxial strength arises from selfconfinement by the material surrounding the punch [26] . These laminates provide less confinement than metals, as exemplified by the severity of free surface bulging and by the material damage adjacent to the punch; to be discussed subsequently in Section 4.2.
1 Note the punch depth goes from right to left when using H ⁄ as the independent variable. Fig. 8(a) shows the indented surface of an H Ã 0 % 1, HB50 sample just prior to the initial failure (first load drop). A false color rendering of the DIC determined Z-component displacement, u z , is overlaid on the image. The penetration of the punch caused a lifting of surrounding material immediately adjacent to the punch resulting in crater formation. A smaller cross-shaped region of out of plane displacement is also apparent. Each arm of the cross shape was oriented in a fiber direction and had a similar width to that of the punch. The magnitude of the displacement increased towards the centerline of each arm of the cross.
Deformation and failure
The u z deformation along the Y = 0 section to the right of the punch (see Fig. 8(a) ) is plotted versus X-position in Fig. 8(b) . The first h = 0.3 mm of punch displacement compressed the laminate along the entire profile, with the greatest compression nearest the punch. After h = 0.86 mm, material near the punch started to bulge away from the laminate interior. The bulge height (Z-oriented) and width (X-oriented) increased with punch displacement. The source of some of the bulged material originated from X-oriented pull-in from the edges, Fig. 8(c) . The gradient in the u x À X graph also revealed tensile straining of the outermost fibers. The strain increased from $0.1% to 0.3% as h increased from 0.3 to 1.5 mm. For the higher shear strength HB26 laminate, a bulge also developed adjacent to the punch but with a smaller height and width than in HB50. In contrast to the fiber grades, the tape grade HSBD30A compressed further with increased penetration depth, Fig. 8(d) .
A Y-Z (X = 0 mm) l-XCT cross-sectional image from an HB26 sample after loading to half of its initial failure load is shown in Fig. 9(a) . A high concentration of elongated voids (air is rendered dark gray in these reconstructions) near the periphery of the punch can be seen. The voids are present only in the 0°plies, whose fibers were in the X-direction, and their severity decreased with depth from the outer surface. The voids corresponded to regions of local ply thinning consistent with fibers under the punch being displaced in the Y-direction (transversely to the fibers). A similar voided region developed near the sides of uniform compressed samples, where the through thickness compression had activated transverse Poisson expansion of the ply, Fig. 1 . While the fibers under uniform compression were extruded from the cut sides of the samples, the fibers here were forced into the noncompressed laminate region adjacent to that compression by the punch, and contributed to the bulging observed in Fig. 8(a) . An optical micrograph of an H Ã 0 % 0:5, HB50 laminate after initial failure is shown in Fig. 10(a) . The punch left a cylindrical shaped hole, with the same width as the punch diameter. To the sides of the indent, the laminate had bulged in the Z-direction. This region contained 27 plies, which had all fractured and buckled, Fig. 10(c) . However, the plies below the bottom of the punch were intact. A ballistic impact study on HB50 previously showed that a projectile impact resulted in similar fiber failure and bulging behavior [8] . The observations are consistent with the fibers directly beneath the projectile having failed in tension. This released the stored elastic strain energy and caused the plies to recoil into the surrounding volume where they buckled upon themselves. The laminate then bulged to accommodate the volume occupied by the buckled plies.
A micrograph of an H Ã 0 % 0:5, HB50 laminate after a second failure event is shown in Fig. 10(b) . Both the depth of the cylindrical crater and the bulging from the front face were greater. In contrast to the first failure event resulting in the failure of the plies closest to the punch, a group of $12 plies located in the region between the bottom of the crater and the rear face had failed, Fig. 10(d) . These plies similarly buckled and recoiled into the surrounding laminate, which caused bulging of the nearby rear face. The laminate was within the ''thin" laminate regime discussed above (Fig. 5) , with H ⁄ = 0.2 as the second failure event occurred. Fig. 10 (e) shows the H Ã 0 % 0:5 tape grade HSB30A which failed in a similar manner to HB50, Fig. 10(b) . Examined after two failure events, plies had failed both directly below the punch and between the bottom of the crater and the rear face. Again, this laminate was within the thin laminate regime.
A l-XCT image of the upper bulge region of an HSB30A sample loaded to half its failure pressure is shown in Fig. 9(b) . In contrast to the HB26 sample, Fig. 9(a) , no ply thinning was apparent below the edge of the punch and the damage was not as deep. One delamination plane extended to the edge of the sample and allowed for the pull-in of material to accommodate the permanent bulge to the side of the punch loading area. The lower amount of permanent deformation observed with the HSBD30A grade compared to HB26 is consistent with the uniform compression behavior, where the fiber grades are governed by the shear strength while the tape grades remain elastic.
Discussion and concluding remarks
The three UHWMPE fiber and two UHWMPE tape reinforced cross-ply laminates progressively failed when placed on a hard foundation and quasi-statically pressed with the flat end of a hard right circular cylinder. Highly energetic, but subcritical failure events with substantial drops in load resulted in a 'saw-tooth' shaped load-displacement profile as the indentation depth was monotonically increased. The penetration behavior was shown to scale with the ratio of the thickness of the remaining laminate, H, to the diameter of the punch, d p , (independent of the original laminate thickness).
For thick laminates (those with an intact remaining thickness greater than the punch radius), optical and XCT observations revealed that the reinforcement closest to the punch failed, Figs. 8-10, similar to the damage resulting from ballistic impacts on UHMWPE laminates [3, 8] . The mean indentation pressure, r a , also showed a strong dependence upon the compressive strength (for a large in-plane dimension samples), Fig. 7(c) . Furthermore, the maximum r p value of $1.8 GPa reached by both HB26 and HB50 is the intrinsic compressive strength for both materials, Fig. 5 , as predicted by the indirect tension model [18] . These observations are consistent with tensile rupture of the reinforcement by indirect tension. No evidence of shear plug formation was observed for any of the grades, in contrast to observations of carbon-and glassreinforced composites, which use much stiffer matrices [10] [11] [12] [13] [14] [15] .
To summarize the mechanism of laminate response, Fig. 11 shows a schematic illustration of the Y-Z cross-sectional plane of a punch compressing the laminate material below the loading area. For the range of punch diameter, ply thickness and laminate width studied here, the anisotropic Poisson expansion of the ply in response to the compressive stress activates the shear lag mechanism at the edge of the loading area. This mechanism converts the out of plane compressive stress into a resultant tensile stress in each ply's reinforcement direction. The tensile stress then increases with indentation depth (pressure) until the ply tensile strength is reached. Consistent with the compressive stress in a semi-infinite body being greatest nearest the punch [25] , the failure strength was first reached in the group of plies closest to the punch for thick laminates. For thin laminates, the stress distribution in the laminate was affected by its proximity to the stiff supporting foundation, changing the location of indirect tensile failure, and decreasing the peak pressure.
Scaling arguments were also introduced for the work to quasistatically penetrate the laminate. Previous studies have shown the impact resistance of UHMPWE laminates scales with the Q.S. penetration resistance [8, 24] . Two fiber reinforced laminates with similar tensile strengths, but different shear strengths required a similar work of penetration. This Q.S. penetration work was similar to that of two tape-based systems whose plies had a substantially lower tensile strength than that of the two fiber systems but a similar out of plane compressive strength. This result is fully consistent with tape-reinforced materials having similar ballistic resistance to the higher tensile strength fiber-reinforced grades in rear supported conditions [8] . Furthermore, the highest out of plane compressive strength laminate, HB212, required the most work to penetrate, suggesting it should provide superior ballistic absorbance over the other laminate grades when placed near the front of a laminate or when layered in a thick laminate. By Q.S. penetration of rear supported laminates, this study both identified the key failure mechanisms operating during laminate penetration and provided a simple method for ranking the penetration resistance of a laminate when its penetration is governed by indirect tensile failure.
